Enhancing genetic mapping of complex genomes through the design of highly-multiplexed SNP arrays: application to the large and unsequenced genomes of white spruce and black spruce by Pavy, Nathalie et al.
BioMed  Central
Page 1 of 17
(page number not for citation purposes)
BMC Genomics
Open Access Research article
Enhancing genetic mapping of complex genomes through the 
design of highly-multiplexed SNP arrays: application to the large 
and unsequenced genomes of white spruce and black spruce
Nathalie Pavy*1, Betty Pelgas1,2, Stéphanie Beauseigle1, Sylvie Blais1, 
France Gagnon1, Isabelle Gosselin1, Manuel Lamothe1,2, Nathalie Isabel1,2 
and Jean Bousquet1
Address: 1Arborea and Canada Research Chair in Forest and Environmental Genomics, Centre d'Étude de la Forêt, Pavillon Charles-Eugène-
Marchand, Université Laval, Québec, Québec G1V 0A6, Canada and 2Natural Resources Canada, Canadian Forest Service, Laurentian Forestry 
Centre, 1055 Rue du P.E.P.S., C.P. 10380, succ. Saint-Foy, Québec, Québec G1V 4C7, Canada
Email: Nathalie Pavy* - nathalie.pavy@rsvs.ulaval.ca; Betty Pelgas - Betty.Pelgas@RNCan.gc.ca; 
Stéphanie Beauseigle - stephanie.beauseigle@rsvs.ulaval.ca; Sylvie Blais - sylvie.blais@rsvs.ulaval.ca; 
France Gagnon - france.gagnon@rsvs.ulaval.ca; Isabelle Gosselin - isabelle.gosselin@rsvs.ulaval.ca; 
Manuel Lamothe - Manuel.Lamothe@RNCan.gc.ca; Nathalie Isabel - Nathalie.Isabel@RNCan.gc.ca; Jean Bousquet - bousquet@rsvs.ulaval.ca
* Corresponding author    
Abstract
Background: To explore the potential value of high-throughput genotyping assays in the analysis
of large and complex genomes, we designed two highly multiplexed Illumina bead arrays using the
GoldenGate SNP assay for gene mapping in white spruce (Picea glauca [Moench] Voss) and black
spruce (Picea mariana [Mill.] B.S.P.).
Results: Each array included 768 SNPs, identified by resequencing genomic DNA from parents of
each mapping population. For white spruce and black spruce, respectively, 69.2% and 77.1% of
genotyped SNPs had valid GoldenGate assay scores and segregated in the mapping populations. For
each of these successful SNPs, on average, valid genotyping scores were obtained for over 99% of
progeny. SNP data were integrated to pre-existing ALFP, ESTP, and SSR markers to construct two
individual linkage maps and a composite map for white spruce and black spruce genomes. The white
spruce composite map contained 821 markers including 348 gene loci. Also, 835 markers including
328 gene loci were positioned on the black spruce composite map. In total, 215 anchor markers
(mostly gene markers) were shared between the two species. Considering lineage divergence at
least 10 Myr ago between the two spruces, interspecific comparison of homoeologous linkage
groups revealed remarkable synteny and marker colinearity.
Conclusion: The design of customized highly multiplexed Illumina SNP arrays appears as an
efficient procedure to enhance the mapping of expressed genes and make linkage maps more
informative and powerful in such species with poorly known genomes. This genotyping approach
will open new avenues for co-localizing candidate genes and QTLs, partial genome sequencing, and
comparative mapping across conifers.
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Background
Single nucleotide polymorphims (SNPs) have become a
genomic commodity as they are becoming indispensable
in various genome scans aimed at mapping genomes [1-
6], finding associations with complex traits [7-10], and
population genomics [11,12]. They are distributed along
the various regions of the genomes [13,14] and are fre-
quent in coding regions of angiosperms [15,16] and con-
ifers [17-19]. However, the efficiency of genome scans is
not only dependant on a wide genomic distribution of
SNPs. Indeed, it also relies on the ability to genotype large
numbers of SNPs over large sets of individuals.
SNP genome scans in non model species usually involve
two steps: the discovery of SNPs and genotyping. With no
a priori knowledge of DNA polymorphisms, SNPs are usu-
ally discovered through various strategies of individual or
pool DNA sequencing [20], or by using tilling techniques,
a high-throughput strategy relying on the enzymatic cleav-
age of mismatches [21]. For a number of crop species, cur-
rent resequencing efforts have led to the development of
SNP databases and generate a wealth of SNPs usable in
genome scans. In conifers, large-scale EST sequencing
projects have been initiated [22-25], providing a starting
point to develop SNP resources in pine [17] and spruce
[18].
Several SNP genotyping array approaches have been
developed with variable success. The accuracy of innova-
tive SNP genotyping technologies has been assessed
mostly through the development of assays suitable for
analysing variations in the human genome. Broadly
speaking, four reaction principles govern SNP genotyping
assays: hybridization with allele-specific oligonucleotide
probes, oligonucleotide ligation, single nucleotide primer
extension, and enzymatic cleavage reviewed in [26-28].
Among these approaches, the GoldenGate assay devel-
oped by Illumina and relying on the bead array technol-
ogy has demonstrated high performance with high levels
of call rate, reproducibility, and overall success rate for the
analysis of the human genome [29-31].
High-throughput SNP assays have recently been applied
to plants. Large datasets of SNP-based markers are being
developed in barley through the development of genotyp-
ing assays relying on Illumina's technologies [32], leading
to the undertaking of an international SNP project [33].
The same genotyping approach has made it possible to
map large datasets of SNPs even in complex and dupli-
cated genomes such as soybean [34], and projects are
underway in hexaploid wheat [35] and poplar [36].
In the present study, we are asking whether high-through-
put SNP genotyping technologies developed for human
population genomics applications, such as the Illumina
GoldenGate SNP assay, are applicable to large and essen-
tially unsequenced genomes as seen in conifers. Conifer
genomes reach very large sizes, around 10,000–40,000
Mb [37], consisting mostly of repetitive sequences [38].
For the two conifers considered herein, white spruce and
black spruce, genome sizes are well in excess of 10e10 bp
[39].
Moreover, the partial knowledge of the large and redun-
dant genomes of conifers can be a limiting factor to design
an efficient SNP genotyping assay. Indeed, sequences
located upstream and downstream the SNP cannot be
fully validated for locus specificity and the possible pres-
ence of repetitive elements [29,30]. The possible effect of
such a drawback remains to be verified for most crop and
tree species which genomes are essentially not sequenced.
Based on EST sequence data available for white spruce
[40], we have designed primers and resequenced genomic
DNA for hundreds of genes in white spruce and black
spruce. The high quality SNP datasets developed were
used to select SNPs amenable to the GoldenGate genotyp-
ing assay and test the technology for these two species.
Then, we integrated these SNP data into linkage maps of
expressed genes and illustrated the possibility to rapidly
improve the density of existing genetic maps for spruce
species.
Methods
Plant material for genotyping assays and linkage mapping
Plant material consisted of one outbred F1  cross #
C9612856 (80112 × 80109) for white spruce (Picea
glauca [Moench] Voss) with 292 progeny derived from
two parents selected for their high level of heterozygosity
for ESTP anchor markers and for their intermediate per-
formance for a number of traits such as somatic embryo-
genic capacity [41]. Plant material for black spruce (Picea
mariana [Mill.] B.S.P.) was representative of the hybridiz-
ing species complex Picea mariana × Picea rubens (hereafter
designated as black spruce) and consisted of 283 progeny
derived from the backcross-like cross BC1 (#9920002:
11307-03 [83 × 425] × 425), as previously
described [42]. Spruces all harbor 2n = 2x = 24 chromo-
somes, as for most Pinaceae [43,44]. The lineages leading
to these two taxa are thought to have diverged at least 10
Myr ago [45].
Gene selection and PCR amplification
For SNP discovery, we considered a collection of 16,500
unigenes derived from a white spruce EST database [40].
For each gene, coding regions were identified based on
alignments with similar sequences from uniprot-swiss-
prot protein databases. PCR primers for amplification and
resequencing were designed using Primer3 [46]. When-
ever possible, one of the primers was anchored outside of
the coding regions in order to increase amplification spe-BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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cificity. The same primers were also used for SNP discov-
ery in black spruce. The lists of unigene and primer
sequences for the genes represented on the two Illumina
SNP bead arrays for white spruce and black spruce are pro-
vided [see Additional file 1].
For each of white spruce and black spruce, DNA was iso-
lated from the two parents of the mapping population
and their progeny, as well as from haploid megagameto-
phyte tissue using a DNeasy Plant Mini Kit (Qiagen, Mis-
sissauga, Ontario). About 5–20 ng of template DNA were
used for PCR amplification. Reactions were done in 30 µl
containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5–
2.5 mM MgCl2, 250 µM of each dNTP, 400 µM of both 5'
and 3' primers and 1.0 unit of Platinum Taq  DNA
Polymerase (Invitrogen). Peltier Thermal Cycler (DNA
Engine, DYAD™, MJResearch) was used with a initial
denaturation of 4 minutes at 94°, followed by 35 cycles of
30 seconds at 94°, 30 seconds at annealing temperature
optimized between 55 and 60° for each pair of primers,
and 3 minutes at 72°, completed with an additional 10
minutes at 72°.
Each PCR fragment was sequenced with the amplification
primers using BigDye Terminator v3.0 cycle sequencing
ready reaction kit (Applied Biosystems, Foster City, Cali-
fornia) and an automated ABI Prism®  3700 Genetic
Sequencer (Applied Biosystems). Sequences were ana-
lysed and assembled with Seqmerge (Genetics Computer
Group, Wisconsin Package Version 10.3, Accelrys, San
Diego, California).
SNP discovery
SNPs were detected for each of the two parents for each
species from heterozygous positions indicated by double-
peak signatures in sequence chromatograms. For each
SNP detected, haploid DNA sequences from individual
megagametophyte tissue were used as a control for paral-
ogy. Because of their haploid nature, any double peak sig-
nature in the sequence chromatogram from a
megagametophyte would indicate a SNP resulting from
polymorphism between gene loci, hence paralogous vari-
ation. Because these SNPs would result in fixed polymor-
phisms in the progeny, they were not considered for
genotyping and mapping.
SNP selection for bead array construction
Gene regions were amplified by PCR and resequenced in
order to identify in excess of 1,000 candidate SNPs for
each of white spruce and black spruce. Out of them, 1,534
SNPs were used to construct two species-specific Illumina
bead arrays of 768 SNPs using the GoldenGate assay (Illu-
mina Inc., San Diego, California). For each species, when
more than one SNP was available for a gene, SNPs were
chosen so each SNP was specific to one parental genotype.
This scheme allowed to validate the SNP mapping
approach, as SNPs of a same gene are expected to map at
the same position on composite maps. In optimizing the
choice of SNPs for a given gene in a given species, those
with maximum GoldenGate assay functionality score
were chosen. The functionality score is an a priori measure
of SNP adequation to the GoldenGate assay and takes into
account a number of parameters, including sequence con-
formation around the SNP, lack of repetitive elements in
the surrounding sequence (200 bp upstream and down-
stream) and sequence redundancy against the available
sequence database of the recipient species [29]. For white
spruce, a small subset of 38 SNPs representative of 31
genes was drawn from in silico identification of SNPs in
contigs resulting from the assembly of EST sequences [18].
All chosen in silico SNPs involved EST sequences from at
least two different cDNA clones and had a probability of
occurrence of 0.95 or more, according to the statistical
assessment conducted with a bayesian method [18].
SNP genotyping assay
The Illumina bead array technology was used to carry out
all genotyping reactions in accordance with the manufac-
turer's protocol for the SNP GoldenGate assay [29].
Highly multiplexed allele-specific extension reactions
were conducted with two allele-specific primers per SNP
for each of the two species-specific 768-SNP arrays using
250 ng of template DNA per sample (at a rate of 50 ng/µl)
for each progeny in each species and for positive controls
consisting of five replicates of each parent of the mapping
populations also used to identify SNPs from resequenc-
ing. Negative controls were also added to each 96-well
sample plate. Ligation was completed with a third locus-
specific primer. This step was followed by PCR amplifica-
tion on the extension-ligation product using primers
labeled with either Cy3 or Cy5 dye to distinguish between
alleles at each SNP. Products of the PCR reaction were
hybridized onto a decoded Sentrix Array Matrix (SAM)
(Illumina Inc., San Diego). Bundles of the SAM include
beadtypes coated with oligonucleotides complementary
to a primer address on the PCR product. Each beadtype is
represented with an average redundancy of 30X on the
array to optimize the accuracy of the final genotype signal.
Following hybridization, the signal in each wavelength
was determined using a bead array reader that converts
images to intensity data. The intensity data for each SNP
was normalized and assigned a cluster position (and
resulting genotype) with the BeadStudio software (Illu-
mina Inc.), and a quality score for each genotype was gen-
erated. A GenCall score cutoff of 0.25 was used to
determine valid genotypes at each SNP and the SNPs
retained had to get a minimum GenTrain score of 0.25
[47,30]. Gentrain scores measure the reliability of SNP
detection based on the distribution of genotypic classes
[30]. DNA reports, locus summaries, and final reportsBMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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were generated for downstream analysis using the BeadS-
tudio software (Illumina Inc.).
Estimation of linkage maps
AFLP, RAPD, SSR, and ESTP marker data previously used
for linkage mapping in the two species [20,41,42] were
considered together with the new SNP data for construct-
ing linkage maps. For each cross, locus segregation was
tested for goodness-of-fit to expected Mendelian segrega-
tion ratios using chi-square tests (P ≤ 0.01 with Bonfer-
onni correction). Distorted loci were excluded from
further analyses. Linkage analyses were conducted with
the male and female datasets independently to obtain two
individual linkage maps for each species. Each SNP was
considered as an independent marker. Then, a composite
linkage map was assembled from the two parental maps
for each species, where SNPs from the same gene were
considered simultaneously as a single haplotype. Individ-
ual and composite linkage maps were estimated using
procedures described by Pelgas et al. [42]. Both crosses
were analysed using the "two-way pseudo-testcross" map-
ping approach [48]. All linkage analyses and map estima-
tions were performed with JoinMap 3.0 [49,50]. In
addition, markers were ordered with the Monte Carlo
maximum likelihood mapping algorithm implemented
in JoinMap 4.0 and using standard parameters [51]. With
both versions of JoinMap, the parameter CP (cross-polli-
nation) was used with a maximal threshold value of 5 for
the jump, a ripple value of 1, and Kosambi's mapping
function [52]. For marker grouping and linked loci order-
ing, a LOD score of 6.0 to 9.0 and a minimum recombi-
nation fraction (θ) of 0.30 were used. The expected
genome map length Ge was estimated under the assump-
tion of random marker distribution according to the for-
mula of [53]. An estimate of genome map coverage Ce was
obtained according to the formula of [54] for the same
LOD value (4.0, used for individual linkage maps) as for
previous coverage estimates [41,42].
Distribution of markers on linkage groups
For each species, randomness of gene locus distribution
within and among linkage groups, heterogeneity of
marker distribution (G-tests) among linkage groups, and
marker dispersion were analysed from the composite map
as previously described [46]. Analyses were conducted by
considering 1) all marker types and 2) only gene markers
(SNPs and ESTPs). For AFLP markers only, previously
published analyses of randomness of distribution showed
no aggregated pattern of distribution [46,41]. As no addi-
tional AFLP markers were added in the present study, no
distribution test was conducted with this type of marker
alone.
Validation of marker orthology between species
The homoeology of linkage groups between white spruce
and black spruce was determined according to the same
criterion as described by Pelgas et al. [41]. The recognition
of orthologous from paralogous loci was also carried out
according to Pelgas et al. [41]. To validate exceptions to
linkage group synteny, resequencing from haploid megag-
ametophyte tissue was performed for presumed ortholo-
gous markers positioned on non-homoeologous linkage
groups. Any sequence polymorphism detected in the
chromatogram of the haploid DNA sequence was consid-
ered as evidence for paralogy. Changes in synteny were
validated on a second mapping population available for
each species whenever necessary.
Results
Construction of SNP-arrays
A total of 487 expressed sequences were amplified and
resequenced in white spruce parents, of which 394 were
found with at least one orthologous SNP (Table 1). Prim-
ers designed for amplification and resequencing of
expressed genes in white spruce could be transferred to
black spruce at a rate of 90.1%, which is in line with
results obtained previously for a more limited set of genes
[55]. The transfer procedure resulted in the amplification
and sequencing of 462 genes in black spruce parents, of
which 355 contained at least one orthologous SNP (Table
Table 1: Sequence production for the SNP discovery step. Sequence production for the SNP discovery step for each of white spruce 
and black spruce.
Production parameter White spruce Black spruce In common between
 the two species
Number of genes successfully amplified and resequenced 487 462 457
Number of genes with orthologous SNPs 394 355 279
Total number of orthologous SNPs 1102 959 45
Number of genes on species-specific SNP array 425 348 273
Number of resequenced SNPs on species-specific SNP array 730 768 14
Number of in silico SNPs1 on species-specific SNP array 38 - -
1 in silico SNPs were detected in aligned ESTs derived from white spruce cDNA libraries. The resource is described in Pavy et al. [48]. For black 
spruce, all assayed SNPs were obtained after resequencing from genomic DNA.BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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1). For the 279 genes simultaneously amplified, rese-
quenced, and found with at least one SNP in each of white
spruce and black spruce, only 4.7% of the observed SNPs
were shared between the two species (Table 1). This frac-
tion is based on gene resequencing from two parents in
each species. Accordingly, two Illumina bead arrays of 768
SNPs for the GoldenGate assay were constructed, one for
each species. The array built for white spruce contained
SNPs representative of 425 genes and that for black spruce
contained SNPs for 348 genes. The Additional file 1
(Table S1) provides primer sequences used for PCR ampli-
fication, unigene identifiers, and links with the Forest-
TreeDB database hosting the unigene sequences and their
annotations [56]. A total of 273 genes were represented
simultaneously on both arrays [Additional file 1]. All in
all, the white spruce SNP-array resulted in 232,000 SNP
calls and the black spruce SNP-array in 225,000 SNP calls.
Reproducibility of the SNP assay and effect of template 
concentration
The reproducibility of the assay was evaluated using five
replicates for each of the mapping parents also used to
identify SNPs from resequencing. When estimated over all
valid SNPs (thus excluding failed SNPs, see below), on
average, 99.4% of the SNP calls were concordant with
expectations when using the recommended amount of
DNA template (50 ng/µl in 5 µl). The rate of concordant
SNP calls was lower when testing with less template DNA
(97.8% for 17 ng/µl, 94.3% for 10 ng/µl, and 81.2% for 4
ng/µl, all assays in 5 µl sample volume).
Overall success rate of the SNP bead arrays
GenTrain scores correspond to the reliability of SNP
detection based on the distribution of genotypic classes.
Thus, it is a measure of reliability based on the total array
of calls for a given SNP. According to Illumina, for a SNP
to be retained, a minimum GenTrain score of 0.25 is
advisable [30,47,57]. In the present study, a SNP had to
get a minimum GenTrain score of 0.25 and had to be seg-
regating in the related mapping population to be declared
successful. In white spruce, 81.6% of SNPs identified by
resequencing had GenTrain score of 0.25 or more (Table
2), which is in the range of that obtained for human SNPs
identified from resequencing for polymorphism discovery
[29]. In black spruce, the corresponding percentage was
82.0%. Contrary to expectations, a number of these SNPs
were monomorphic in the mapping populations (Table
2). It is likely that one of the two allele-specific primers in
the GoldenGate assay defaulted for these SNPs. When dis-
carding these monomorphic SNPs, the overall rate of suc-
cess for the genotyping of resequenced SNPs was 69.2% in
white spruce and 77.1% in black spruce (Table 2). The
genotyping success rate on the basis of the number of
genes assayed was higher (respectively 77.6% and 89.4%
for each of white spruce and black spruce, Table 2)
because of redundancy of SNP sampling for some genes.
For white spruce, a number of in silico SNPs identified
from redundancy in EST contigs [18] were also included
on the SNP array, and 81.6% of them had GenTrain score
of 0.25 or more (Table 2), which is comparable to the per-
centage obtained for resequenced SNPs. The overall suc-
cess rate taking into account segregation in the mapping
population was lower at 28.9%, because monomorphism
for in silico SNPs was much more frequent than that for
resequenced SNPs. Individuals previously used for EST
sequencing and in silico identification of SNPs did not
include the parents of the present white spruce mapping
Table 2: Success rate. Success rate obtained over 768 SNPs assayed for each of white spruce and black spruce using the GoldenGate 
SNP assay. Numbers in parentheses are the percentages obtained by using as a reference the total of 768 SNPs assayed per species or 
the total number of genes assayed.
On a SNP basis On a gene basis
Number of 
SNPs assayed
Number of SNPs 
with GenTrain 
score ≥ 0.25 2
Number of 
segregating SNPs 
with GenTrain 
score ≥ 0.25 2
Number of 
monomorphic 
SNPs with 
GenTrain score ≥ 
0.25 2
Number of 
genes assayed
Number of 
segregating 
genes
White spruce
Resequenced 
SNPs
730 (95%) 596 (81.6%) 505 (69.2%) 62 (8.5%)
in silico SNPs 1 38 (5%) 31 (81.6%) 11 (28.9%) 25 (65.8%)
Total 768 (100%) 603 (78.5%) 516 (67.2%) 87 (11.3%) 425 330 (77.6%)
Black spruce
Resequenced 
SNPs
768 (100%) 630 (82.0%) 592 (77.1%) 31 (4.0%) 348 311 (89.4%)
1 in silico SNPs were detected in aligned EST derived from white spruce cDNA libraries. The resource is described in Pavy et al. [18]. For black 
spruce, all SNPs were obtained after resequencing from genomic DNA.
2 For SNPs with a GenTrain score ≥ 0.25, valid GenCall scores were obtained for 99.4% of samples, on average (see Results).BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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population. Hence, it is likely that white spruce parents
were homozygous for many of these in silico SNPs, which
resulted in a much higher rate of monomorphism than for
resequenced SNPs. Indeed, when scoring these in silico
SNPs for individuals from natural populations, many of
these SNPs exhibited the expected polymorphism and the
overall success rate obtained was 60% (data not shown).
Rate of missing data according to SNP GenTrain scores
A missing data is generated when the GenCall score for a
particular individual and SNP is below 0.25 [30]. GenCall
is a measure of the reliability of an individual SNP call rel-
ative to the distribution of genotypic classes for that SNP.
The call rate, which is 1 minus the rate of missing data,
could be estimated for all SNPs with acceptable GenTrain
scores. In agreement with data on human SNPs [30], our
results indicated that SNPs with GenTrain scores of 0.25
or more were highly reliable with a low rate of missing
data (Table 3). The average call rate per valid SNP with
GenTrain score of 0.25 or more was 99.4% for white
spruce and 99.6% for black spruce. For SNPs with Gen-
Train scores higher than 0.4, the rate of missing data
became infinitesimal and the average rate of missing data
per successful SNP was very low, with an average of 0.61%
for white spruce and 0.40% for black spruce (Table 3),
thus less than 1%.
SNP success rate according to a priori SNP functionality 
score
Before construction of the SNP bead array, a functionality
score was calculated for each candidate SNP using the Illu-
mina OligoDesigner software [29]. The functionality
score relies much on the uniqueness and lack of repetitive
elements in the surrounding sequence of each SNP [29].
The higher the score, the more likely the SNP will be func-
tional at the genotyping stage under the GoldenGate
assay. SNPs with a predicted functionality score above
0.60 had a much higher rate of success than those below
0.60 (χ2 = 51.0 with the white spruce SNP data and χ2 =
34.9 with the black spruce SNP data, d.f. = 1, P ≤ 0.01)
(Table 4). Thus, in spite of the incompleteness of the
spruce genome sequence used to estimate the appropri-
ateness of candidate SNPs for the GoldenGate assay, the
functionality score was still a valuable predictor of the
likelihood of success of the designed oligonucleotides.
Indeed, most of the SNPs selected for arraying had func-
tionality scores equal or higher than 0.60 (Table 4).
Individual and composite linkage maps for white spruce 
and black spruce
Depending on the cross and parent analysed, between
518 and 586 genetic markers were available to estimate
each individual linkage map (Table 5). Of these, between
Table 3: Missing data. Rate of missing data per valid segregating SNP according to classes of GenTrain scores for each of white spruce 
and black spruce.
Species Class of GenTrain 
scores
Number of SNPs 
assayed
Number of 
segregating SNPs
Number of 
monomorphic 
SNPs
Average number of 
missing data per 
SNP scored
Average call rate 
per SNP scored 
(%)1
White spruce
<0.25 165 0 0 - -
0.25–0.3 0 0 0 - -
0.3–0.4 3 3 0 11.0 96.2
0.4–0.5 15 10 5 2.2 99.2
0.5–0.6 46 33 13 1.9 99.3
0.6–0.7 92 81 11 1.4 99.5
0.7–0.8 323 302 21 1.6 99.4
0.8–0.9 118 82 36 2.4 99.1
>0.90 6 5 1 2.8 100
Total 768 516 87 - -
Weighted average - - - 1.8 99.4
Black spruce
<0.25 138 0 0 - -
0.25–0.3 0 0 0 - -
0.3–0.4 10 10 0 3.5 98.8
0.4–0.5 17 16 1 4.5 98.4
0.5–0.6 80 74 6 1.9 99.3
0.6–0.7 79 72 6 2.3 99.3
0.7–0.8 170 163 7 0.7 99.8
0.8–0.9 260 244 16 0.5 99.8
>0.90 14 13 1 2.0 99.3
Total 768 592 31 - -
Weighted average - - - 1.1 99.6
1 Average call rate is 100% minus average number of missing data in %.BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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86.3% and 91% could be mapped. They were distributed
over 12 major linkage groups, except for parent 80109, for
which one additional minor linkage group derived exclu-
sively from AFLPs was obtained.
For each cross, male and female datasets were integrated
into one composite linkage map representative of each
species. For white spruce, 821 markers (461 AFLPs, 12
SSRs, 348 gene markers including 31 ESTPs and 317
SNPs) could be mapped over the 2,304.2 cM, including
nine accessory marker loci (Table 5, Figures 1, 2, 3, 4). On
this map, the average marker spacing was 2.8 cM. For
black spruce, a total of 835 markers (469 AFLPs, 2 RAPDs,
36 SSRs, 328 gene markers including 30 ESTPs and 298
SNPs) could be mapped over the 1,849.8 cM, including
22 accessory marker loci (Table 5, Figures 1, 2, 3, 4). The
average marker spacing was 2.2 cM.
Marker distribution
To analyse the distribution of marker loci, G-tests for
goodness-of-fit were used. For each composite linkage
map, markers were homogeneously distributed across
linkage groups (data not shown). Therefore, coefficients
of dispersion could be estimated for each composite map
see [42]. Whether we considered all markers or gene loci
only (SNPs and ESTPs), the coefficients of dispersion cal-
culated with a sliding window of 3 cM ranged between 0.9
and 1.1 for the white spruce composite map and between
1.1 and 1.3 for the black spruce composite map. Such val-
ues around 1.0 indicates the absence of significant marker
islands and a random distribution of gene loci at the
present mapping intensity.
Interspecific comparisons
The composite linkage maps of white spruce and black
spruce shared 215 homologous anchor markers (9 SSRs,
13 ESTPs, and 193 SNPs). Over the 12 homoeologous
linkage groups, 98.1% of homologous markers were in
synteny (Figures 1, 2, 3, 4). One ESTP locus (Ptxmyb413 =
90004/MYB4) and three gene SNPs (2309,  3656, and
6047) were involved in synteny discrepancies. The differ-
ential positioning of the ESTP locus was already pointed
out and validated by sequencing [41]. The examination of
chromatograms obtained from sequencing haploid meg-
agametophyte DNA around the two SNP markers 6047
and 3656 respectively positioned onto LGs II/VII and LGs
XII/III of white spruce/black spruce revealed polymor-
phisms. Such evidence indicates that these two anchor
markers differentially positioned in white spruce and
black spruce correspond to two paralogous gene loci.
Another discrepancy involved SNP 2309 positioned onto
white spruce LG V and on black spruce LG VI. However,
linkage mapping analyses independently conducted in a
second white spruce mapping population (data not
shown) led to localize this gene marker on LG VI in both
species. Therefore, exceptions to synteny were rejected
regarding the differential positioning of these three SNP
gene loci between the two species. Along with synteny,
macrocolinearity was also well conserved among homoe-
ologous linkage groups between the two spruce taxa. On
average, 82% of syntenic anchor markers were positioned
in the same order (Figures 1, 2, 3, 4). Minor inversions
involving closely spaced markers were observed within
each homoeologous linkage group, involving a total of 1
SSR, 6 ESTPs and 31 SNPs. These inversions were also
detected when comparing individual linkage maps within
Table 4: Genotyping success rate. Genotyping success rate according to a priori Illumina functionality scores of SNPs for the 
GoldenGate assay for each of white spruce and black spruce.
Species Class of 
functionality 
scores
Predicted 
functionality1
Number of 
SNPs on SNP 
bead array
Number of valid 
SNPs detected2
Overall success 
rate (%)2
Number of 
monomorphic 
SNPs
Number of 
failed SNPs
White spruce
0.1–0.4 low 18 8 44.4 2 8
0.4–0.6 medium 71 27 38.0 6 38
0.6–1.0 high 679 481 70.8 74 124
Total - 768 516 - 82 170
Weighted 
average
--- 6 7 . 2 --
Black spruce
0.1–0.4 low 4 2 50.0 0 2
0.4–0.6 medium 70 37 52.9 3 30
0.6–1.0 high 694 553 79.7 34 107
Total - 768 592 - 37 139
Weighted 
averaged
--- 7 7 . 1 --
1According to Illumina OligoDesigner software [29]
2Excluding failed and monomorphic SNPs.BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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species (data not shown), thus lending support to statisti-
cal artifacts related to joining individual linkage maps
when constructing composite maps.
Discussion
Applicability of the GoldenGate SNP assay
The Illumina GoldenGate SNP assay, together with the
bead array technology, has been extensively used in stud-
ies of human polymorphisms [13]. Its use has also been
extended to animal genetics, especially with regard to
efforts undertaken by the Bovine HapMap consortium
[58]. Because of its well-established reliability with
human data and high level of multiplexing, there is a
growing interest in using the GoldenGate SNP assay in
plants when large numbers of SNPs need to be surveyed.
Indeed, the flexibility of its design and the large number
of SNPs screened per assay make the technology appropri-
ate for genome scan applications or plant molecular
breeding purposes. However, with the exception of
reports from biotech companies, very few studies with
detailed supportive evidence have been published on the
ease of implementing the technology in plants and non
model organisms with largely unsequenced genomes. We
have considered this issue in spruce by examining the gen-
otyping success rates obtained over a set of high quality
SNPs derived from independent resequencing.
Call rate
The call rate is the fraction of genotypes called over the
possible SNP calls after having excluded unsuccessful
assays [30]. In our data, the SNPs retained for genetic
mapping analysis had call rates greater than 96%. Their
Table 5: Parameters of individual and composite linkage maps of white spruce and black spruce.
Mapping parameters Cross/Parents for white spruce (Picea glauca) Cross/Parents for black spruce (species complex 
Picea mariana × P. rubens)
Parents Composite Parents Composite
80112 80109 11307-03 
[83 × 
425]
425
Total number of available markers 525 597 1039 587 563 1260
Number of distorted markersb 71 11 7 1 2 3 2 8
Total number of markers without segregation 
distortion
518 586 1022 575 560 1232
Total number of assigned markers 509 581 957 534 542 1064
Number of AFLP loci 256 299 581 247 242 679
Number of RAPD loci 0 0 0 2 1 3
Number of SSR loci 9 10 13 27 27 45
Number of ESTP gene loci 22 23 35 26 30 34
Number of SNP gene loci 222 249 328 232 242 303
Number of positioned markers (%) 483 (91.0) 523 (90.0) 821 (85.8) 461 (86.3) 479 (88.4) 835 (78.5)
Number of AFLP loci 242 257 461 185 188 469
Number of RAPD loci 0 0 0 2 1 2
Number of SSR loci 8 9 12 25 27 36
Number of ESTP gene loci 19 19 31 23 27 30
Number of SNP gene loci 214 238 317 226 236 298
Number of positioned accessory markers 4 3 9 0 6 22
Number of major linkage groups (nb of sub-
groups) (n > 10 markers)
12 (4c)1 2  ( 1 c)1 2 1 2  ( 2 c)1 2  ( 2 c)1 2
Number of minor linkage groups (3 ≤ n ≤ 10 
markers)
01 0 0 0 0
Number of unlinked markers 9 5 65 41 18 168
Total observed map length GF, cM (Kosambi) 2146.1 2283.6 2304.2 1833.5 1814.1 1849.8
Average map density, cM (Kosambi) 4.4 4.4 2.8 4.0 3.8 2.2
Average size for major linkage groups, cM 
(Kosambi)
134.1 163.1 192.1 130.9 129.5 154.1
Expected map length Ge, cM (Kosambi) 3204.5 3569.9 -d 4009.4 3424.7 -d
Map coverage Ce (%) 98.3 98.4 -d 97.7 98.1 -d
aFor individual linkage maps, only markers segregating 1:1 or 1:1:1:1 were used.
bBonferroni correction: P ≤ 0.01/number of loci.
cNumber of linkage group composed of 2 sub-groups having more than 10 markers.
dCould not be calculated due to the merging of data.BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black spruce (species  complex Picea mariana × P. rubens) (on the right) Figure 1
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black 
spruce (species complex Picea mariana × P. rubens) (on the right). For each taxon, the composite map was obtained by 
assembly of two parental datasets and use of JoinMap 3.0 and 4.0. [49,50]. Genetic distances are indicated on the left of the fig-
ure (Kosambi). Markers in bold are gene SNPs, markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, 
markers in italic and underlined are RAPDs and all other markers are AFLPs. Markers with a grey background are common 
between both taxa. Orthologous and paralogous markers are connected by a solid line and dashed line, respectively. Markers 
not positioned onto homoeologous LGs are printed in white on a black background.
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
ACG/CAT273.1
ACA/CAA103.5
ACG/CTT122.8
8781a
ACG/CTT186.6
ACG/CTG193.5
14432e
7530b
8177v1
13388
ACG/CTT446.8
AAG/CTG120.6
ACG/CCTC461.8
2773
10048e
ACG/CCAT344.7
Sb70
ACT/CTG235.1
ACT/CAA116.7
ACT/CGC391.7
ACT/CTT168.1
EAC7F10b
6008
90100a
10439m
6047d
8037v1
4194e
ACT/CCGT281.2
621/KN3
8441
2456e
ACT/CGC431.7
ACG/CCTC330.6
10019
4283
6183e
ACA/CCAC264.6
4511
ACT/CCGT358.2
ACT/CAA578.6
ACA/CAA485.0
853a
ACG/CCCT198.0
ACA/CAG429.1
16228a
ACT/CTT448.4
10363
ACG/CAG182.7
ACG/CTC99.7
ACA/CCTC528.1
1201
7393
ACG/CCCA289.1d
8072
3376
ACG/CCAG116.6
ACG/CCAT164.3
6400e
9201
5312
5321
ACG/CGC100.9
ACT/CAC439.1
AAG/CAA93.8
ACG/CCTG206.2
ACT/CTT211.7
YACT/CCTC105.3
ACT/CCCG362.6
ACT/CCGC119.5
ACA/CCAG457.8
ACG/CAT149.5
ACA/CCAG186.3a
8781
ACC/CCTC358.3
13890a
YACG/CCG288.5
YACC/CCAG269.0
ACA/CGC298.8
7530
8177
7492
10704m
CCA/CTA121.9
10048g
6454e
ACA/CTT234.1
ACA/CCCG258.7a
CCA/CCT198.0
paGB8-AP233
EAC6B01
6008
YAGC/CAA216.3
AGC/CGC133.6
ACT/CTG201.3
ACG/CGC316.5
8037m
6362n/Pg_152A04
CGA/CTT69.8
ACT/CCGC201.8
07126
621/KN3
2456m
8441m
YACG/CGG110.4
4194m
CCA/CAT117.3
YACA/CCTT187.0b
ACA/CCAA638.4
UAPgTG87
YACG/CCTT429.0
4511e
12150m
853
90155e/PAXY130
YACG/CGA324.3
CCA/CTG393.5
ACG/CAT126.1
ACT/CGA145.0
ACG/CCT576.8c
ACG/CCTC577.9
CCA/CTG437.4
ACG/CAG163.6
ACC/CCTG321.1
AGC/CAG438.3
ACG/CCGC354.8
AGC/CGT479.1
ACT/CCAA386.6
ACT/CGA379.6
1201e
CCA/CTT94.8
12492e
3376
YACG/CAC150.1
5312n
YACG/CCGC131.2b
YACT/CCAA429.0
YACT/CAC469.0
ACA/CCTC457.9
ACT/CCCG552.4
SAM
ACT/CCGG154.4
ACT/CAC114.1
10699
ACT/CCGT456.9
ACG/CCTG187.0
ACG/CCTC559.4
ACT/CAC474.7
ACA/CCGG370.9a
ACG/CAG110.3
ACT/CTC329.5
ACT/CTG67.9
ACG/CCTC395.1
ACA/CTG323.4
ACG/CCTG566.8
ACG/CTT504.8
ACT/CAC210.0
ACG/CCTG138.3a
ACA/CCTG123.3
5462
6686m
ACT/CAT100.4
ACT/CCTA163.4
Sb11
6984e
4801/KN2
8525/KN1
10784t1
AAG/CTA376.6
ACA/CTG306.6
ACT/CAC626.4
ACG/CCTC315.5
ACA/CCTC348.6
ACT/CCGG190.6a
ACG/CAG390.3a
ACA/CCGC157.4d
ACA/CCAT238.9
ACG/CGC392.7
Sb62
ACT/CTC343.0
ACA/CAA221.2
9027a
6372v1
ACT/CAG281.1
3713
ACT/CTC111.1
Sb56
2239
ACG/CAT106.8
13661a
ACT/CCGT311.6
9147
2473e
ACG/CTG169.9
ACG/CCAT439.7
1546m
8456g
ACG/CCTG507.8
ACG/CCAC152.8
09327e
3870
9889
9863
ACG/CAG329.7
ACG/CCGG244.6
ACA/CTG172.3
7350
14745e
5952m
10981
AAG/CTC267.1
ACG/CAT153.9
10629t2
ACT/CGC82.1
4892e
5953
ACG/CCCT415.0
AAG/CAT236.4
ACT/CAC724.0
10699a
9440a
ACG/CTA137.0
Ptxmyb413/MYB4
ACA/CCTT413.8
6545e
ACA/CCT412.7
CCA/CGT103.4
7626g/Sb11
10784m
4801/KN2
8525/KN1
YACG/CCTT171.6b
16192b
YACG/CCT171.5
YACA/CAA316.0
ACG/CCCG521.3
YCCA/CCT557.7
SpAGH1
ACT/CGA288.8
AGC/CGC468.1
YACA/CCTC474.9
YAGC/CAA360.4b
ACA/CCCG303.5a
YACG/CAG82.8b
6372a
YACG/CCTT149.9
ACT/CCTA241.5
9027
ACG/CAA208.4
ACG/CCT357.9a
2239c
ACG/CGG351.6
ACG/CCTC358.8
13661m
ACA/CTA314.1
8021m
Sb56
13582
2473
15280a
10759m
CCA/CTT103.7
YACT/CCTA525.8
ACG/CCTC212.6
ACA/CCTG265.7
YACA/CCTC212.8b
ACG/CAG621.1
CCA/CAT307.0
9889a
3870
9327m
AGC/CTT594.9a
3656e
7350a
14745h
ACC/CCTA394.5
YACG/CGT234.4b
14040a
10981
ACG/CAT233.9
YACA/CCCG446.9
ACA/CCTC197.0
4892m
CGA/CCG116.2
PAXY74
90004/MYB4
8892d
10438e
14265a
9693
ACT/CAC171.8
ACG/CCGT389.6
ACG/CCTC258.4
650e
ACA/CCCG156.3c
ACG/CTG195.3
3918e
ACG/CTT225.7
AAG/CTT121.2
ACG/CCTG298.1
ACG/CCCA354.4d
ACA/CCCG259.0
9780a
3056e
6706
4632
10378
12753e
3673
ACG/CCTG113.4
16369a
ACG/CCCT273.1a
5775
10254v1
4642
ACA/CCAC149.0
ACA/CCTG440.4
PASE34
9593
ACA/CTG145.9
ACG/CTA173.1
14337
ACT/CAT96.9
ACT/CTT480.2
7759a
Sb08
AAG/CTG247.1
ACG/CTT306.7
ACG/CTT290.8
10554v1
ACT/CAC314.4
ACT/CAT204.4
ACT/CCT142.4
ACG/CAG275.8
ACG/CCGG104.3d
ACG/CCAG327.5a
ACG/CCTA439.2
90012
ACG/CCAG140.4
ACG/CCAA290.5c
ACA/CCGG156.1
ACG/CCTA333.3
4073
ACG/CTG264.0
ACG/CCTG165.2d
8438
ACA/CAA518.1
ACG/CAT134.4
8892f
10193e
10438
9693b
ACG/CCAA534.8
ACT/CAG381.1
650e
3456
YACG/CCTC352.5
ACG/CCT113.4a
ACG/CCTC113.5a
CCA/CTG215.3
06033e/Sb32
ACC/CCTC307.5
ACT/CAC418.0
AGC/CTT132.9a
ACA/CCGC179.6
ACT/CCAG393.4
1529
ACG/CAC109.7
AGC/CGT409.8
ACG/CCG450.2
ACG/CAG436.8
YACG/CTT223.8
9780
ACA/CCAG328.3
ACA/CCAA327.0
CCA/CAG348.8
ACA/M-CCTA290.2
3056
4632
16369
CCA/CTT308.7
8582e
ACT/CCTC245.9
ACG/CCGC373.6
YACG/CCAG303.1
5720c
YACC/CCTT358.8
10254
ACG/CAA642.2
4642f
CCA/CAG56.6
CCA/CTG123.0
YACT/CCT241.3
ACG/CTA513.4a
6886a
SpAG4-AP200
CCA/CTG174.3
UAPsTG25
YAGC/CTT356.8
ACG/CAG451.3
9593
PASE34
YCCA/CAT347.3
14337
ACA/CCTG163.1
ACT/CCTC171.2
Sb08
7759
CCA/CAT377.0
CCA/CCT527.3
ACG/CCTT462.7
CCA/CAG265.2
ACT/CCT128.1
ACT/CAT269.9
YACT/CCGC395.6
ACA/CCT308.2
ACA/CAG402.8
90012n
4073m
8807m
11408m
YCCA/CGA140.7
Sb68
YACA/CCTT536.8
LG II
Black spruce 
LG III
Black spruce 
White spruce 
LG IV
Black spruce  White spruce  Black spruce BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
Page 10 of 17
(page number not for citation purposes)
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black spruce (species  complex Picea mariana × P. rubens) (on the right) Figure 2
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black 
spruce (species complex Picea mariana × P. rubens) (on the right). For each taxon, the composite map was obtained by 
assembly of two parental datasets and use of JoinMap 3.0 and 4.0. [49,50]. Genetic distances are indicated on the left of the fig-
ure (Kosambi). Markers in bold are gene SNPs, markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, 
markers in italic and underlined are RAPDs and all other markers are AFLPs. Markers with a grey background are common 
between both taxa. Orthologous and paralogous markers are connected by a solid line and dashed line, respectively. Markers 
not positioned onto homoeologous LGs are printed in white on a black background.
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Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black spruce (species  complex Picea mariana × P. rubens) (on the right) Figure 3
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black 
spruce (species complex Picea mariana × P. rubens) (on the right). For each taxon, the composite map was obtained by 
assembly of two parental datasets and use of JoinMap 3.0 and 4.0. [49,50]. Genetic distances are indicated on the left of the fig-
ure (Kosambi). Markers in bold are gene SNPs, markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, 
markers in italic and underlined are RAPDs and all other markers are AFLPs. Markers with a grey background are common 
between both taxa. Orthologous and paralogous markers are connected by a solid line and dashed line, respectively. Markers 
not positioned onto homoeologous LGs are printed in white on a black background.
ACT/CAA537.8
ACT/CAC202.3
2623g
4794
6785c
12821a
5175v2
4914
6903
7226e
ACA/CCGG55.9
ACG/CCGC294.2
6491v1
90003m
SpAGG3
90019e
10355
5957t1
8865
ACG/CTA217.8
2603e
ACG/CCTG178.0
9121
6349
ACG/CCAT569.5
ACA/CCAT343.6
3814e
ACT/CCTA99.5
ACG/CCGG117.2
ACG/CCCG198.7
ACA/CCGC267.5
ACT/CAG127.6
ACA/CCGT251.8
13366f
AAG/CAT121.7
ACG/CTA251.0
ACA/CCAT417.3
ACT/CTC138.9
SpAGD1
ACG/CCTC157.6
PtIFG9076
ACG/CCTG65.3
ACT/CCGG251.2
ACA/CAG115.7
Sb19
ACA/CAG438.3
CCA/CAT76.8
4794b
2623
12821
9966m/Sb31
5175
ACG/CTT288.8
4914
2991m
YCCA/CCT267.1
ACT/CCAA526.2
ACT/CCGC400.8
pgGB7
ACA/CAC112.4
90003f
SpAGG3
YCCA/CAG169.3
5811
5957a
AGC/CTT366.3a
AGC/CTT307.1
YCGA/CTG81.9
9121f
YCCA/CTC545.1
YACT/CAC446.2
AGG/CGC139.7
YAGG/CGC487.9
3814a
YCCA/CCT243.3
ACT/CCTC377.7
YACC/CCAG346.6
ACA/CGC360.5
CGA/CCT154.6
ACT/CCCG194.6
YACA/CGT380.2
YACG/CAA169.7
13366n
10503e
YACG/CCTA98.2
9324c
ACG/CGG314.3
YCCA/CTT100.3
YACA/CCCG345.6
ACC/CCTT371.5
PAAC17(a)
10998e
SpAGD1
CCA/CCT190.4
PtIFG9076
ACT/CTC563.1
10799a
13950f
ACA/CCCG156.4
ACG/CCCG595.0
5731a
YACT/CCGC469.4
8228n
LG X
Black spruce  White spruce 
ACT/CTG177.4
ACT/CTG521.1
16502f
11256a
1486b
14751a
4563a
90002e/F002
10512e
14144
10798
7889e
5937v1
PA0043
ACA/CCAC216.0
ACA/CCTC295.3
ACG/CCCG119.1
9063
8115
ACG/CCCA234.3
ACA/CCTG215.0
AAG/CAA386.2
10611m
ACG/CCAG128.7
ACT/CCT132.9
PAL
AAG/CTA152.3
ACA/CCTC445.1
8152v1
ACT/CCCG72.7
EAC7H07(b)
16399g
11943m
4444
YACG/CCGG170.3e
ACG/CCTG338.9a
AAG/CTG91.2
1424a
4885
8077e
ACG/CCTC256.5
ACG/CCTC175.6
ACG/CCCA385.0d
ACG/CCTG432.8
6325p2
ACG/CCCT206.9d
4598
ACT/CGC118.9
ACT/CCCG309.3
Sb42
ACG/CTG137.8
ACA/CCGG444.3
ACT/CAA294.0
SpAC1H8
14328
ACG/CTG129.7
ACT/CAG277.7
AAG/CTA322.9
13855
ACG/CCCG225.6
PtIFG0606
7640e
9982
ACG/CAT623.1
7321
3650
6036a
AAG/CTG131.2
EAC1D10
SpAGC1
AAG/CTA179.9
AGC/CGC84.2
16502m
14751k
90002b/F002
2261
1486e
11256e
4563
10512
14144a
7889e
PAAC13-AP258
10798
AGC/CGC478.3
CCA/CGA585.8
Sb67
9042a/PA0043
ACC/CCTT311.8
9063
ACG/CCCG357.0
8115
YCCA/CAG100.3
YACG/CCAA127.8
AGC/CTC613.7c
ACA/CCTT533.1
ACG/CTA428.8
PAL
YACG/CTA210.5
YACA/CCAA116.8
8152
OPA-19
ACA/CCAA324.6
16399
11943
YACA/CCTC130.8
SpAC1F7
ACG/CGC173.6
4444a
9223e/PtIFG0739
1424m
4885m
ACG/CCTA479.4
CCA/CTG65.5
6828a
ACA/CGA97.5
CGA/CCT420.3
4598a
1074j/Sb07
ACA/CAC194.4
ACT/CGT511.3
ACA/CAC198.3
ACA/CCGC446.2
ACG/CTA174.5
ACT/CCGC544.2
PGL15
ACT/CCCG542.7
14328a
SpAC1H8
AGC/CTC374.7
CCA/CAG81.4
13855n
ACG/CAA246.6
ACA/CCAA368.9
ACG/CGA250.1a
3650g
ACC/CCAG94.0
6036f
EAC1D10(b)
PAAC13(a)
SpAgC1
LG IX
Black spruce  White spruce 
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
ACT/CTC169.2
ACT/CTC250.8
ACG/CCCA280.8
Sb71
ACG/CCTC465.5
ACG/CGC115.6
ACT/CTG244.1
ACG/CCAA293.2
ACT/CTT169.8
ACG/CCGT493.5
ACA/CCAT160.6
ACA/CTG119.4
ACG/CCAG309.5
ACA/CCGG214.1c
15609e
7964a
ACA/CCTC178.7
15051a
7977f
ACG/CCTC458.7c
ACG/CTA482.1
ACT/CGT173.5
10125
ACG/CTA484.8
7053v2
PAAC19
AAG/CAA179.1
ACG/CCTA431.8a
ACG/CTT330.6
6490
ACG/CGC157.0
ACA/CCGG106.2
2380a
9006
12402g
ACG/CCAC345.7
ACT/CTG162.6
ACG/CAG269.2
ACT/CAT388.3
8406
ACA/CTG99.3
9455e
AAG/CTC412.5
ACA/CTG357.2
936
13550a
ACG/CTT143.9
ACG/CTG221.3
ACT/CCTA394.7
ACA/CTG301.6
ACT/CAG78.8
ACG/CCGG296.4
ACG/CAT301.6
ACG/CCGT205.1
ACA/CTG615.8
15570e
AAG/CAT160.3
ACG/CTG206.4
AAG/CTC328.9
ACG/CTT101.6
10614
ACG/CCTA328.6c
16320
8885p2
3511f
PtIFG1584
ACA/CCTC301.8
5205v1
7792f
ACT/CTC208.5
7185
6592f
ACG/CTT152.2
ACG/CCTC157.5
YACG/CAA613.4
1810
paGB3
ACT/CCCG646.5
7977e
YCCA/CTC140.8
SpAC1B8-AP199
YACG/CGT362.8
CCA/CCT59.3
15051
7964b
10125
ACT/CCTG611.6
ACG/CCTC635.0
ACT/CAT170.5
ACT/CCT614.2
10409f
6393e
ACG/CCGC128.0
PAAC19
ACA/CCT182.1
ACA/M-CCTA183.0
ACT/CTC466.4
6490f
ACA/CCCG403.0
ACA/CCTC403.9
YACA/M-CCTA683.6
9006n
2380
12402n
ACG/CGC422.8
YACG/CCAG110.6
16324a
ACA/CCGC133.5
ACT/CCTG505.8
7667a
EAC7H07
8406m
ACG/CAG407.3
9455a
ACA/CCTG405.9
CGA/CAT173.8
YCGA/CAT172.5
ACA/CCCG585.7
EAC6B01-AP62
10249
ACA/CCTC227.5
CGA/CAT292.8
14156k
YACA/CCCG309.0
8250e
PAAC13(b)
13550
CCA/CCT56.1
ACA/CCAA112.4c
YACA/CCTT432.3
ACA/CTT333.6
ACG/CTT174.6
4142a
CCA/CTAll174.7
15570j
ACG/CCAA331.9
4310
ACC/CCTA81.6a
ACT/CCCG478.9
ACT/CCTG301.6
CCA/CAT372.7
3191n
YACA/CCAA126.6
ACG/CAA449.8
4447/Pg_200A01
16320
5205e
PtIFG1584
ACG/CAG470.8
7792
LG VIII
Black spruce  White spruce BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
Page 12 of 17
(page number not for citation purposes)
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black spruce (species  complex Picea mariana × P. rubens) (on the right) Figure 4
Comparison of homoeologous linkage groups (LGs) of composite maps for white spruce (on the left) and black 
spruce (species complex Picea mariana × P. rubens) (on the right). For each taxon, the composite map was obtained by 
assembly of two parental datasets and use of JoinMap 3.0 and 4.0. [49,50]. Genetic distances are indicated on the left of the fig-
ure (Kosambi). Markers in bold are gene SNPs, markers in bold and underlined are ESTPs, markers in bold and italics are SSRs, 
markers in italic and underlined are RAPDs and all other markers are AFLPs. Markers with a grey background are common 
between both taxa. Orthologous and paralogous markers are connected by a solid line and dashed line, respectively. Markers 
not positioned onto homoeologous LGs are printed in white on a black background.
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average call rate was in excess of 99%. This value is com-
parable to call rates obtained with human SNPs using the
GoldenGate assay, which are near 100% when following
the same stringent criterion of minimum GenTrain score
of 0.25 as that used in the present study for considering as
valid the genotyping of a SNP [29,30,59,60].
SNP conversion rate
The rate of SNPs successfully genotyped using the Golden-
Gate assay, or SNP conversion rate, is calculated by count-
ing only valid SNPs displaying GenTrain score above a
given cutoff. The GenTrain score of a SNP reflects the
degree of separation between homozygote and heterozy-
gote clusters and the ease of placement of individual calls
within a cluster, which are key measures of signal-to-noise
in the assay data [30]. As recommended by Illumina, we
followed a conservative approach and filtered out SNPs
with a GenTrain score below 0.25, which tend to show
low call rate and hence, high rates of missing data [30].
Based on this criterion alone and not considering mono-
morphic SNPs, the SNP conversion rates were 81.6% and
82.0% of the resequenced SNPs for the white spruce and
black spruce SNP arrays, respectively. These rates were
down to 69.2% and 77.1%, respectively, when excluding
monomorphic SNPs. High SNP conversion rates have
been obtained in studies conducted in species with com-
pletely sequenced genomes such as for the human
genome. Besides studies involving human SNPs, Gen-
Train score cutoffs have been barely mentioned in the lit-
erature although they affect the SNP conversion rates and
the average call rate. Thus, the following comparisons of
our results with the published literature may not be
orthogonal.
In a study encompassing 1,536 resequenced SNPs derived
from the human genome, 93.3% of SNPs were called after
removal of low frequency SNPs [61]. Two other sets each
encompassing 768 HapMap SNPs were successfully
assayed with 91.0% and 93.9% conversion rates [62]. The
application of the GoldenGate SNP assay in non model
species resulted in slightly lower SNP conversion rates
than that obtained for human SNPs. The conversion rate
was 91.3% over 1,524 resequenced SNPs in barley [32]
and 88.9% over a panel of 450 bovine SNPs [63]. In
Boechera stricta, a species from the Cruciferae family, a
conversion rate of 96.8% was obtained over 96 rese-
quenced SNPs by avoiding highly similar sequences such
as for members of complex gene families [64]. For candi-
date genes that were members of large gene families, the
authors searched for markers in flanking genes that were
single copy in Arabidopsis [64]. Under these circumstances,
the design of Illumina probes was efficient and specific.
However, such an approach is limited to plant species
close to Arabidopsis, which genome is completely
sequenced.
Two main factors may explain the lower SNP conversion
rate obtained with spruces as compared to other species
analysed to date with the GoldenGate SNP assay. First, we
have adopted the severe criterion of GenTrain scores <
0.25 to reject SNPs, while this factor remains unknown for
most of the non human studies submentioned. In the
present study, such a conservative criterion translated in
SNPs with a high call rate, which was necessary for accu-
rate gene mapping. Second, the complexity of conifer
genomes e.g. [37] may obstruct the development of spe-
cific probes for the assay. Indeed, our SNP assays incorpo-
rated mostly sequences belonging to multigene families
including many transcription factors [see Additional file
1]. With the present incomplete knowledge of conifer
genomes, it was not possible to take into account gene
family structures to improve the oligonucleotide design
for the GoldenGate SNP assay. The level of duplication
has not been quantified yet in conifer genomes contrary to
angiosperm model species such as legumes or grasses.
However, phylogenetic analysis of multigene families in
conifers has revealed an organization different from that
observed in angiosperms. Examples include the adh genes
[65], knox-I [66] and myb [67] regulatory genes, with many
gene duplications at least recent enough not to be shared
with angiosperms. Paralogous SNPs generate a back-
ground signal giving rise to cluster compression and there-
fore, decreasing GenTrain scores and the SNP conversion
rate, unless manual editing of the clusters is used to elim-
inate all SNPs that do no cluster well [29]. If the conifer
genome is highly duplicated, as suspected, interpreting
GoldenGate SNP data in the context of maximizing the
conversion rate could be very challenging and imply
much lower call rates per SNP recovered. Without an
exhaustive knowledge of gene sequences within a gene
family, there is no easy way to avoid such SNPs with
potential lack of specificity of flanking sequences. This
trend is even more likely, given that all SNPs tested herein
were in gene sequences. Indeed, the probability for these
SNPs to represent paralogous variation across family
members is likely higher than that for SNPs located in non
coding DNA.
For SNPs exhibiting monomorphism (about 8% of rese-
quenced SNPs in white spruce and 4% in black spruce), it
is likely that one of the two allele-specific primers in the
GoldenGate assay defaulted for these SNPs, given that
resequencing was performed to discover SNPs and that we
are confident that they were not sequencing artifacts.
These failures might be related to the same factors as
above. Thus, considering the fragmentary knowledge we
have of conifer genomes and the emphasis put on sam-
pling SNPs from regulatory genes from large gene fami-
lies, the overall success rate obtained was decent. The
success rate was also repeatable between the two species-
specific SNP-arrays that we have independently tested. AsBMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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the genome of conifers is becoming better known at the
sequence level, due to several large-scale EST and BAC
sequencing projects, the rates of genotyping success for
new SNPs are expected to be even higher in the near
future.
Transcript linkage maps
With around 10,000 to 40,000 Mb [39], spruce and coni-
fer genomes are more than 100 times larger than that of
Arabidopsis  and three times larger than the human
genome. For the largely unsequenced conifer genomes,
sequencing their coding regions through EST sequencing
and gene resequencing currently represents the most effi-
cient approach to comparative and structural genomics
using gene linkage maps [19]. The SNP genotyping assays
developed in this study enabled to map hundreds of
expressed genes in the conifer Picea, which represent a
large increase over any previous gene mapping effort in
gymnosperms e.g. [19,42,41,68-71].
A total of 12 major linkage groups were delineated in each
species composite map, which is in agreement with
cytogenetic studies indicating similar karyotypes and
same numbers of chromosomes (2n = 2x = 24) for both
white spruce and black spruce and most other Pinaceae
[44]. Because of the agreement between number of link-
age groups and number of chromosomes, the present
maps could be considered as saturated [Liu 1998]. High
genome coverage values also point to this observation.
However, a direct pairing between linkage groups and
chromosomes was not possible, as Picea and most conifer
chromosomes are difficult to differentiate based on stand-
ard cytological techniques [44]. With the addition of sev-
eral hundreds new gene markers, the observed total length
of individual parental maps was increased by 15% to
25%, and the genome coverage values were increased by
nearly 10% compared to previous maps mostly based on
anonymous markers [41,42]. With more than 300 gene
anchor markers positioned on each parental map, marker
density was more than 50% higher and gene density was
an order of magnitude higher than previously obtained
[41,42]. As compared to AFLP and other types of domi-
nant markers, these codominant SNP gene markers
mapped at such high density will contribute towards
improving QTL mapping precision and power [72].
More than 200 gene loci were shared between the two
composite maps developed herein, most of which being
derived from the new gene SNP developing effort. While
previous efforts to increase the number of gene or SSR
anchor markers relied on using several crosses per species
e.g. [41,42,73,74], the ease of mapping large numbers of
transcripts using SNPs relaxes the need to implicate more
than one cross for increasing the number of mapped
anchor markers. However, using an additional cross may
be highly useful to validate orthology of gene loci between
species when breaks of synteny are observed (see below).
Interspecific comparisons
Comparisons between the composite maps of white
spruce and black spruce revealed high synteny and colin-
earity between their 12 homoeologous linkage groups, in
spite of the divergence of their lineages more than 10 Myr
ago [45]. While previous reports of genome comparisons
between the two species reached similar conclusions
about synteny and colinearity [41], the present observa-
tions are based on a more than four-fold increase in the
number of mapped anchor loci in common between the
two species.
Synteny between genomic regions can only be established
if markers are true orthologs [41,42,75]. The breakdown
in synteny previously noted between white spruce and
black spruce for LG III and LG IV [41] was confirmed in
the present study. In addition, three new cases of putative
inter-chromosomal translocations between both species
were observed, but turned out to be false positives, after
checks for locus orthology using haploid megagameto-
phyte DNA sequences or validating gene marker positions
in a second cross of white spruce. Thus, these three gene
SNPs corresponded to paralogous loci between white
spruce and black spruce. Such false positives are likely to
be frequent in conifer mapping studies, as previously
observed [41].
While synteny was well conserved, exceptions to colinear-
ity between the two genomes were observed. Small inver-
sions between the two species composite maps involving
a few closely spaced anchor loci were noted for all linkage
groups, but no translocation within linkage groups was
observed. Most likely, these inversions resulted from ana-
lytical artifacts since the same discrepancies were observed
between individual linkage maps within species. Thus, it
is safe to assume that these inversions resulted from the
integration of both parental datasets for each species
rather than from true chromosomal inversions. Such a
trend has also been observed when integrating individual
linkage maps in other species [5,6,42,73,76].
Conclusion
The present report illustrates how new highly multiplexed
SNP genotyping approaches can be used to accelerate the
structural analyses of complex and largely unknown
genomes. The present maps are the most advanced genetic
maps for spruce with regard to gene density and will open
up several opportunities. These maps are currently used
for QTL and eQTL detection and their next more densified
versions will help target specific regions of the genome for
future BAC sequencing [19]. The present maps will also be
used to explore in more detail the distribution of multi-BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
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gene families over linkage groups and hence, the organi-
zation of the spruce genome and its evolution. Such an
approach, though at a small scale, has been previously
used for the knox I multigene family, underlining a major
chromosomal duplication in the spruce genome [66].
Maps with increasing gene densities are also required
across the conifers to extend comparative genome studies
and decipher the evolution of genome structure. Such
comparisons have already been undertaken based on a
limited number of anchor markers e.g. [19,41]. However,
comparative genome studies in these species remain chal-
lenging since SNPs may have to be identified de novo in
each species. This trend is best exemplified by the small
number of gene SNPs shared between mapping popula-
tions belonging to different congeneric taxa: only 45 SNPs
were shared between white spruce and black spruce map-
ping populations out of 2,000 candidate gene SNPs dis-
covered in both species. Using more crosses per species
could contribute towards increasing the number of shared
SNPs between species, but it is unlikely to change the
order of magnitude of this number. On a more optimistic
note, the primer transfer rate between white spruce and
black spruce was high, which might facilitate resequenc-
ing efforts towards gene SNP discovery in other spruce
species. However, as species from different conifer genera
are targeted, the primer transfer rate is expected to dimin-
ish [55,19].
Identifying sets of homologous transcripts in other
Pinaceae has improved in the recent years through effi-
cient mining of sequence databases e.g. [66,67] and
because of large sets of EST sequences for several species
[22-25,40]. Nevertheless, when changes in chromosomal
structure are observed between species based on gene
linkage maps, gene orthology must be verified. Distin-
guishing between orthology and paralogy can be precari-
ous when the assessment is only based on homology
scores, and without an adequate phylogenetic landscape
for each gene family involved [77]. In such conditions, a
sensitive analysis at the sequence level is warranted before
declaring such structural changes [41,42]. Thus, compara-
tive mapping studies between conifer species call for fur-
ther developments of gene maps and gene sequence
collections, but also for genomics and bioinformatics
tools enabling to assess more efficiently orthology rela-
tionships.
Authors' contributions
NP, JB: genotyping technology evaluation; BP, IG, NI:
genetic mapping analyses; SBe, SBl, FG: resequencing,
SNP discovery, design of the SNP arrays, and SNP data
analyses; NP, ML, candidate gene identification; NP, BP,
JB: manuscript preparation; JB, NI: project design, fund-
ing, and overall supervision. All authors have read and
approved the final manuscript.
Additional material
Acknowledgements
We thank Alexandre Montpetit and his team at the Genome Québec Inno-
vation Centre (Montréal, Québec) for assistance with the acquisition of 
SNP data on the Illumina platform. This work was funded by grants from 
Genome Canada, Genome Québec, and the Canadian Biotechnology Strat-
egy through the Arborea project [78] lead by J. Mackay and J. Bousquet.
References
1. Schmid KJ, Sorensen TR, Stracke R, Torjek O, Altmann T, Mitchell-
Olds T, Weisshaar B: Large-scale identification and analysis of
genome-wide single-nucleotide polymorphisms for mapping
in Arabidopsis thaliana.  Genome Res 2003, 13:1250-1257.
2. Feltus FA, Wan J, Schulze SR, Estill JC, Jiang N, Paterson AH: An SNP
resource for rice genetics and breeding based on subspecies
indica and japonica.  Genome Res 2004, 14:1812-1819.
3. Falque M, Decousset L, Dervins D, Jacob AM, Joets J, Martinant JP,
Raffoux X, Ribiere N, Ridel C, Samson D, Charcosset A, Murigneux
A: Linkage mapping of 1454 new maize candidate gene loci.
Genetics 2005, 170:1957-1966.
4. Moran JL, Bolton AD, Tran PV, Brown A, Dwyer ND, Manning DK,
Bjork BC, Li C, Montgomery K, Siepka SM, Vitaterna MH, Takahashi
JS, Wiltshire T, Kwiatkowski DJ, Kucherlapati R, Beier DR: Utiliza-
tion of a whole genome SNP panel for efficient genetic map-
ping in the mouse.  Genome Res 2006, 16:436-440.
5. Stein N, Prasad M, Scholz U, Thiel T, Zhang H, Wolf M, Kota R, Var-
shney RK, Perovic D, Grosse I, Graner A: A 1,000-loci transcript
map of the barley genome: new anchoring points for integra-
tive grass genomics.  Theor Appl Genet 2007, 114:823-839.
6. Troggio M, Malacarne G, Coppola G, Segala C, Cartwright DA, Pindo
M, Stefanini M, Mank R, Moroldo M, Morgante M, Grando MS, Velasco
R: A dense SNP-based genetic linkage map of grapevine (Vitis
vinifera L.) anchoring Pinot Noir BAC contigs.  Genetics 2007,
176:2637-2650.
7. Lazarus R, Vercelli D, Palmer LJ, Klimecki WJ, Silverman EK, Richter
B, Riva A, Ramoni M, Martinez FD, Weiss ST, Kwiatkowski DJ: Single
nucleotide polymorphisms in innate immunity genes: abun-
dant variation and potential role in complex human disease.
Immunol Rev 2002, 190:9-25.
8. Rafalski A: Applications of single nucleotide polymorphisms in
crop genetics.  Curr Opin Plant Biol 2002, 5:94-100.
9. Gibbs JR, Singleton A: Application of genome-wide single nucle-
otide polymorphism typing: simple association and beyond.
PLoS Genet 2006, 2:e150.
10. Kiyohara C, Yoshimasu K: Genetic polymorphisms in the nucle-
otide excision repair pathway and lung cancer risk: a meta-
analysis.  Int J Med Sci 2007, 4:59-71.
11. Salisbury BA, Pungliya M, Choi JY, Jiang R, Sun XJ, Stephens JC: SNP
and haplotype variation in the human genome.  Mutat Res
2003, 526:53-61.
12. McEvoy B, Beleza S, Shriver MD: The genetic architecture of nor-
mal variation in human pigmentation: an evolutionary per-
spective and model.  Hum Mol Genet 2006, 15:R176-81.
Additional file 1
Data about the SNPs. This table provide references about the genes ana-
lysed: unigeneID in ForestTreeDB, annotations, marker names, gene 
names, links to annotation page in ForestTreeDB, primer sequences used 
to amplify sequences encompassing the unigenes.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-21-S1.xls]BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
Page 16 of 17
(page number not for citation purposes)
13. Altschuler D, Brooks LD, Chakravarti A, Collins FS, Daly MJ, Don-
nelly P: International HapMap Consortium. A haplotype map
of the human genome.  Nature 2005, 437:1299-1320.
14. Fung HC, Scholz S, Matarin M, Simon-Sanchez J, Hernandez D, Britton
A, Gibbs JR, Langefeld C, Stiegert ML, Schymick J, Okun MS, Mandel
RJ, Fernandez HH, Foote KD, Rodriguez RL, Peckham E, De Vrieze
FW, Gwinn-Hardy K, Hardy JA, Singleton A: Genome-wide geno-
typing in Parkinson's disease and neurologically normal con-
trols: first stage analysis and public release of data.  Lancet
Neurol 2006, 5:911-916.
15. Zhu YL, Song QJ, Hyten DL, Van Tassell CP, Matukumalli LK, Grimm
DR, Hyatt SM, Fickus EW, Young ND, Cregan PB: Single-nucle-
otide polymorphisms in soybean.  Genetics 2003, 163:1123-1134.
16. Cordeiro GM, Eliott F, McIntyre CL, Casu RE, Henry RJ: Character-
isation of single nucleotide polymorphisms in sugarcane
ESTs.  Theor Appl Genet 2006, 113:331-343.
17. Dantec LL, Chagne D, Pot D, Cantin O, Garnier-Gere P, Bedon F,
Frigerio JM, Chaumeil P, Leger P, Garcia V, Laigret F, De Daruvar A,
Plomion C: Automated SNP detection in expressed sequence
tags: statistical considerations and application to maritime
pine sequences.  Plant Mol Biol 2004, 54:461-470.
18. Pavy N, Parsons LS, Paule C, Mackay J, Bousquet J: Automated SNP
detection from a large collection of white spruce expressed
sequences: contributing factors and approaches for the cat-
egorization of SNPs.  BMC Genomics 2006, 7:174.
19. Bousquet J, Isabel N, Pelgas B, Cottrell J, Rungis D, Ritland K: Chap-
ter 3 Spruce. Genome Mapping and Molecular Breeding in
Plants.  Volume 7. Edited by: Kole C. Forest Trees, Springer-Verlag,
Berlin Heidelberg; 2007:93-114. 
20. Pelgas B, Isabel N, Bousquet J: Efficient screening for expressed
sequence tag polymorphisms (ESTPs) by DNA pool
sequencing and denaturing gradient gel electrophoresis
(DGGE) in spruces.  Mol Breed 2004, 13:263-279.
21. Rungis D, Hamberger B, Berube Y, Wilkin J, Bohlmann J, Ritland K:
Efficient genetic mapping of single nucleotide polymor-
phisms based upon DNA mismatch digestion.  Mol Breed 2005,
16:261-270.
22. Kirst M, Johnson AF, Baucom C, Ulrich E, Hubbard K, Staggs R, Paule
C, Retzel E, Whetten R, Sederoff R: Apparent homology of
expressed genes from wood-forming tissues of loblolly pine
(Pinus taeda L.) with Arabidopsis thaliana.  Proc Natl Acad Sci USA
2003, 100:7383-7388.
23. Cairney J, Zheng L, Cowels A, Hsiao J, Zismann V, Liu J, Ouyang S,
Thibaud-Nissen F, Hamilton J, Childs K, Pullman GS, Zhang Y, Oh CT,
Buell R: Expressed Sequence Tags from loblolly pine embryos
reveal similarities with angiosperm embryogenesis.  Plant Mol
Biol 2006, 62:485-501.
24. Lorenz WW, Sun F, Liang C, Kolychev D, Wang H, Zhao X, Cordon-
nier-Pratt MM, Pratt LH, Dean JF: Water stress-responsive genes
in loblolly pine (Pinus taeda) roots identified by analyses of
expressed sequence tag libraries.  Tree Physiol 2006, 26:1-16.
25. Liang C, Wang G, Liu L, Ji G, Fang L, Liu Y, Carter K, Webb JS, Dean
JF: ConiferEST: an integrated bioinformatics system for data
reprocessing and mining of conifer expressed sequence tags
(ESTs).  BMC Genomics 2007, 8:134.
26. Syvänen AC: Toward genome-wide SNP genotyping.  Nat Genet
2005, 37(Suppl):S5-10.
27. Kwok PY: Methods for genotyping single nucleotide polymor-
phisms.  Ann Rev Hum Genet 2001, 2:235-258.
28. Steemers FJ, Chang W, Lee G, Barker DL, Shen R, Gunderson KL:
Whole-genome genotyping with the single-base extension
assay.  Nat Methods 2006, 3:31-33.
29. Shen R, Fan JB, Campbell D, Chang W, Chen J, Doucet D, Yeakley J,
Bibikova M, Wickham Garcia E, McBride C, Steemers F, Garcia F,
Kermani BG, Gunderson K, Oliphant A: High-throughput SNP
genotyping on universal bead arrays.  Mutat Res 2005,
573:70-82.
30. Fan JB, Oliphant A, Shen R, Kermani BG, Garcia F, Gunderson KL,
Hansen M, Steemers F, Butler SL, Deloukas P, Galver L, Hunt S,
McBride C, Bibikova M, Rubano T, Chen J, Wickham E, Doucet D,
Chang W, Campbell D, Zhang B, Kruglyak S, Bentley D, Haas J, Rigault
P, Zhou L, Stuelpnagel J, Chee MS: Highly parallel SNP genotyp-
ing.  Cold Spring Harb Symp Quant Biol 2003, 68:69-78.
31. Gunderson KL, Kuhn KM, Steemers FJ, Ng P, Murray SS, Shen R:
Whole-genome genotyping of haplotype tag single nucle-
otide polymorphisms.  Pharmacogenomics 2006, 7:641-648.
32. Rostoks N, Ramsay L, MacKenzie K, Cardle L, Bhat PR, Roose ML,
Svensson JT, Stein N, Varshney RK, Marshall DF, Graner A, Close TJ,
Waugh R: Recent history of artificial outcrossing facilitates
whole-genome association mapping in elite inbred crop vari-
eties.  Proc Natl Acad Sci USA 2006, 103:18656-18661.
33. Hayes P, Szucs P: Disequilibrium and association in barley:
Thinking outside the glass.  Proc Natl Acad Sci USA 2006,
103:18385-18386.
34. Choi IY, Hyten DL, Matukumalli LK, Song Q, Chaky JM, Quigley CV,
Chase K, Lark KG, Reiter RS, Yoon MS, Hwang EY, Yi SI, Young ND,
Shoemaker RC, van Tassell CP, Specht JE, Cregan PB: A soybean
transcript map: gene distribution, haplotype and SNP analy-
sis.  Genetics 2007, 176:685-696.
35. Wheat SNP database   [http://wheat.pw.usda.gov/SNP/new/
index.shtml]
36. Poplar Biofuels Genome Project   [http://dendrome.ucdavis.edu/
pbgp/about.html]
37. Ahuja MR: Recent advances in molecular genetics of forest
trees.  Euphytica 2001, 121:173-195.
38. Kamm A, Doudrick RL, Heslop-Harrison JS, Schmidt T: The
genomic and physical organization of Ty1-copia-like
sequences as a component of large genomes in Pinus elliottii
var. elliotti and other gymnosperms.  Proc Natl Acad Sci USA
1996, 93:2708-2713.
39. Murray BG: Nuclear DNA amounts in gymnosperms.  Ann Bot
1998, 82:3-15.
40. Pavy N, Paule C, Parsons L, Crow JA, Morency MJ, Cooke J, Johnson
JE, Noumen E, Guillet-Claude C, ButterWeld Y, Barber S, Yang G, Liu
J, Stott J, Kirkpatrick R, Siddiqui A, Holt R, Marra M, Seguin A, Retzel
E, Bousquet J, MacKay J: Generation, annotation, analysis and
database integration of 16,500 white spruce EST clusters.
BMC Genomics 2005, 6:144.
41. Pelgas B, Beauseigle S, Acheré V, Jeandroz S, Bousquet J, Isabel N:
Comparative genome mapping among Picea glauca, P. mari-
ana × P. rubens and correspondence with other Pinaceae.
Theor Appl Genet 2006, 113:1371-1393.
42. Pelgas B, Bousquet J, Beauseigle S, Isabel N: A composite linkage
map from two crosses for the species complex Picea mariana
[Mill.] B.S.P. P. rubens (Sarg.) and analysis of synteny with
other Pinaceae.  Theor Appl Genet 2005, 111:1466-1488.
43. Fuchs J, Brandes A, Schubert I: Telomere sequence localization
and karyotype evolution in higher plants.  P1 Syst Evol 1995,
196:227-241.
44. Nkongolo KK: Chromosome analysis and DNA homology in
three  Picea species,  P. mariana,  P. rubens, and P. glauca
(Pinaceae).  P1 Syst Evol 1996, 203:27-40.
45. Bouillé M, Bousquet J: Trans-species shared polymorphisms at
orthologous nuclear gene loci among distant species in the
conifer  Picea  (Pinaceae): Implications for the long-term
maintenance of genetic diversity in trees.  Am J Bot 2005,
92:63-73.
46. Rozen S, Skaletsky HJ: Primer3 on the WWW for general users
and for biologist programmers.  In Bioinformatics Methods and Pro-
tocols: Methods in Molecular Biology Edited by: Krawetz S, Misener S.
Humana Press, Totowa, NJ; 2000:365-386. 
47. Illumina Inc   [http://www.illumina.com]
48. Grattapaglia D, Sederoff R: Genetic linkage maps of Eucalyptus
grandis  and  Eucalyptus urophylla using a pseudo-testcross:
mapping strategy and RAPD markers.  Genetics 1994,
137:1121-1137.
49. Stam P: Construction of integrated genetic linkage maps by
means of a new computer package: JOINMAP.  Plant J 1993,
3:739-744.
50. Van Ooijen JW, Voorrips RE: Joinmap 3.0, Software for the cal-
culation of genetic linkage maps.  2001 [http://www.joinmap.nl].
Plant Research International, Wageningen
51. Van Ooijen JW: Joinmap® 4, software for the calculation of
genetic maps in experimental populations.  Kyazma B.V.,
Wageningen, Netherlands; 2006. 
52. Kosambi D: The estimation of map distances from recombi-
nation values.  Ann Eugen 1944, 12:172-175.
53. Hulbert S, Ilott T, Legg EJ, Lincoln S, Lander E, Michelmore R:
Genetic analysis of the fungus Bremia lactucae, using restric-
tion fragment length polymorphism.  Genetics 1988,
120:947-958.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Genomics 2008, 9:21 http://www.biomedcentral.com/1471-2164/9/21
Page 17 of 17
(page number not for citation purposes)
54. Lange K, Boehnke M: How many polymorphic genes will it take
to span the human genome?  Am J Hum Genet 1982, 24:842-845.
55. Perry DJ, Bousquet J: Sequence-tagged-site (STS) markers of
arbitrary genes: the utility of black spruce-derived STS prim-
ers in other conifers.  Theor Appl Genet 1998, 97:735-743.
56. Pavy N, Johnson JJ, Crow JA, Paule C, Kunau T, MacKay J, Retzel EF:
ForestTreeDB: a database dedicated to the mining of tree
transcriptomes.  Nucl Acids Res 2007, 35:D888-894.
57. Illumina Technology spotlight: Illumina Gencall data analysis
software  Available via Illumina  [http://www.illumina.com].
58. Sonstegard T: Making a cow jump over the moon: develop-
ment of a bovine SNP assay.  Plant Animal Genome Conference
XV, San Diego; 2007. 
59. The International Multiple Sclerosis Genetics Consortium: Enhanc-
ing linkage analysis of complex disorders: an evaluation of
high-density genotyping.  Human Molecular Genetics 2004,
13:1943-1949.
60. Edenberg HJ, Bierut LJ, Boyce P, Cao M, Cawley S, Chiles R, Doheny
KF, Hansen M, Hinrichs T, Jones K, Kelleher M, Kennedy GC, Liu G,
Marcus G, McBride C, Murray SS, Oliphant A, Pettengill J, Porjesz B,
Pugh EW, Rice JP, Rubano T, Shannon S, Steeke R, Tischfield JA, Tsai
YY, Zhang C, Begleiter H: Description of the data from the Col-
laborative Study on the Genetics of Alcoholism (COGA) and
single-nucleotide polymorphism genotyping for Genetic
Analysis Workshop 14.  BMC Genetics 2005, 6(Suppl 1):S2.
61. Garcìa-Closas M, Malats N, Real FX, Yeager M, Welch R: Large-
scale evaluation of candidate genes for cancer identifies asso-
ciations between VEGF polymorphisms and bladder cancer
risk.  PLoS Genet 2007, 3:e29.
62. Montpetit A, Nelis M, Laflamme P, Magi R, Ke X, Remm M, Cardon L,
Hudson TJ, Metspalu A: An evaluation of the performance of
tag SNPs derived from HapMap in a Caucasian population.
PloS Genet 2006, 2:e27.
63. Khatkar MS, Collins A, Cavanagh JA, Hawken RJ, Hobbs M, Zenger
KR, Barris W, McClintock AE, Thomson PC, Nicholas FW, Raadsma
HW: A first-generation metric linkage disequilibrium map of
bovine chromosome 6.  Genetics 2006, 174:79-85.
64. Schranz ME, Windsor AJ, Song BH, Lawton-Rauh A, Mitchell-Olds T:
Comparative Genetic Mapping in Boechera stricta (Brassi-
caceae).  Plant Physiol 2007, 144:286-298.
65. Perry DJ, Furnier GR: Pinus banksiana has at least seven
expressed alcohol dehydrogenase genes in two linked
groups.  Proc Natl Acad Sci USA 1996, 93:13020-13023.
66. Guillet-Claude C, Isabel N, Pelgas B, Bousquet J: The evolutionary
implications of knox-I gene duplications in conifers: corre-
lated evidence from phylogeny, gene mapping, and analysis
of functional divergence.  Mol Biol Evol 2004, 21:2232-2245.
67. Bedon F, Grima-Pettenati J, Mackay J: Conifer R2R3-MYB tran-
scription factors: sequence analyses and gene expression in
wood-forming tissues of white spruce (Picea glauca).  BMC
Plant Biol 2007, 7:17.
68. Temesgen B, Brown GR, Harry DE, Kinlaw CS, Sewell MM, Neale DB:
Genetic mapping of expressed sequence tag polymorphism
(ESTP) markers in loblolly pine (Pinus taeda L.).  Theor Appl
Genet 2001, 102:664-675.
69. Brown GR, Kadel EE 3rd, Bassoni DL, Kiehne KL, Temesgen B, van
Buijtenen JP, Sewell MM, Marshall KA, Neale DB: Anchored refer-
ence loci in loblolly pine (Pinus taeda L.) for integrating pine
genomics.  Genetics 2001, 159:799-809.
70. Chagné D, Lalanne C, Madur D, Kumar S, Frigério J-M, Krier C,
Decroocq S, Savouré A, Bou-Dagher-Kharrat M, Bertocchi E, Brach J,
Plomion C: A high density genetic map of martime pine based
on AFLPs.  Ann For Sci 2002, 59:627-636.
71. Acheré V, Faivre Rampant P, Jeandroz S, Besnard G, Markussen T,
Aragones A, Fladung M, Ritter E, Favre JM: A full saturated linkage
map of Picea abies including AFLP, SSR, ESTP, 5S rDNA and
morphological markers.  Theor Appl Genet 2004, 108:1602-1613.
72. Liu BH: Statistical Genomics: Linkage Mapping and QTL Analysis New
York: CRC; 1998. 
73. Sewell MM, Sherman BK, Neale DB: A consensus map for loblolly
pine (Pinus taeda L.). I. Construction and integration of indi-
vidual linkage maps from two outbred three-generation ped-
igrees.  Genetics 1999, 151:321-330.
74. Tani N, Takahashi T, Iwata H, Mukai Y, Ujino-Ihara T, Matsumoto A,
Yoshimura K, Yoshimaru H, Murai M, Nagasaka K, Tsumura Y: A
consensus linkage map for sugi (Cryptomeria japonica) from
two pedigrees, based on microsatellites and expressed
sequence tags.  Genetics 2003, 165:1551-1568.
75. Gogarten JP, Olendzenski L: Orthologs, paralogs and genome
comparisons.  Curr Opin Genet Dev 1999, 9:630-636.
76. Di Gaspero G, Cipriani G, Adam-Blondon AF, Testolin R: Linkage
maps of grapevine displaying the chromosomal locations of
420 microsatellite markers and 82 markers for R-gene can-
didates.  Theor Appl Genet 2007, 114:1249-1263.
77. Hulsen T, de Vlieg J, Leunissen JA, Groenen PM: Testing statistical
significance scores of sequence comparison methods with
structure similarity.  BMC Bioinformatics 2006, 7:444.
78. Arborea project   [http://www.arborea.ulaval.ca]